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ABSTRACT 
 
This is a non-refereed presentation that examines the use of quadrature 
bandpass sampling (QBPS), reviewing several of the results recently 
presented in [1].  Like bandpass sampling (BPS), this technique allows 
signals with a high frequency carrier to be sampled at a rate not less than 
twice the signal bandwidth. The actual available frequencies for sampling 
are shown to many more than for bandpass sampling. There are three 
restrictions, none of which can be breached when selecting sampling 
frequencies for bandpass sampling. For quadrature bandpass sampling, one 
of these may be breached. Examples of multi-frequency GNSS receivers are 
used to show that not only can QBPS generally be sampled using a lower 
minimum frequency than for BPS, but at frequencies above the minimum, 
there are far more choices when using QBPS. 
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1. INTRODUCTION 
 
Nyquit’s theorem is remembered by many as being a requirement to sample a signal at more 
than double its maximum frequency. More accurately, it can be stated as a requirement to 
sample a signal at more than twice its bandwidth, a technique know as bandpass sampling 
[2]. Bandpass sampling allows a low sample rate to be used, and exploits aliasing to 
effectively downconvert the modulated signal to baseband (if the right filtering techniques are 
used to eliminate unwanted signals also being aliased).  
 
Even this sampling requirement is insufficient, however. Because the aliased signals may 
overlap in the baseband under certain circumstances, it is in fact necessary to sample at more 
than twice the bandwidth, as shown in Figure 1 [3]. It was further shown [4] that the vertical 
lines in Figure 1 are not allowed as sampling frequencies, as shown in Figure 2. 
  
 
 
 
 
Figure 1 The minimum sampling rate required for bandpass sampling of a signal at carrier fc and bandwidth B, 
from Feldman [3]. 
 
 
 
Figure 2 The allowed sampling values (shaded) for bandpass sampling of a signal at carrier fc and bandwidth B.  
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Separately from bandpass sampling, similar sampling limits were discussed for quadrature 
sampling. Quadrature sampling is where a modulated signal is sampled by two sequences of 
the same frequency, one delayed from the other by one quarter of a period of the carrier 
frequency of the signal being sampled. Figures similar to Figure 1 were produced to 
describe the limits to this type of sampling. For a complete history of the limits to bandpass 
and quadrature sampling, see [1]. 
 
2. QUADRATURE BANDPASS SAMPLING 
 
When using bandpass sampling, there is an explicit desire not to overlap the aliased bands at 
baseband [6]. However, if quadrature sampling I used, the wanted signal can still be 
reconstructed by exploiting the orthogonal nature of the two sampling sequences [5]. This 
means that there are a great many more sampling frequencies available when using quadrature 
sampling, as can be seen in Figure 3. 
 
 
 
Figure 3 The allowed sampling values (shaded) for quadrature bandpass sampling of a signal at carrier fc and 
bandwidth B. The darker shaded regions are for bandpass sampling without the use of quadrature sampling 
 
When applying bandpass sampling to multiple bands, there is also a requirement (a looser one 
because it can be breached, but at the expense of signal quality) that the different frequency 
bands do not overlap each other either. By meeting this constraint, and the other “overlap” 
constraints – tighter for uniform bandpass sampling, minimum sampling rates, and available 
sampling rates, were calculated for several multi-channel GNSS receivers, with the results 
listed in Table 1. It is clear that more sampling rates are available for QBPS and that often the 
minimum rate is reduced, although generally not greatly. 
 
  
 
 
 
 
Receiver Bands  fsmin 
BPS 
fsmin 
QBPS 
% 
BPS 
% 
QBPS 
L1 (1M), L2C (1M)  9.27 8.20  10.8  37.6 
L1 (10M), L2 (10M)  92.1 81.8  14.5  43.6 
L1 (1M), L5  51.6 45.6  12.5  41.5 
L1 (1M) , L2C (1M), 
L5 
62.5 62.4  17.4  49.9 
L1 (1M) , Glonass  21.3 18.8  7.7  26.8 
E1, L2C (1M)  14.0 12.3  13.0  40.3 
E1, L5  54.2 51.4  12.0  40.4 
E1, E5  11.6 11.2  9.4  36.0 
E1, E5, E6  13.5 13.2  15.4  58.9 
SoS [7]  517.6 450.0  15.2  41.4 
 
Table 1 Comparison of minimum sampling rates (MHz) required for different band combinations using uniform 
(BPS) and quadrature (QBPS) bandpass sampling. Also shown is the proportion of the sampling range 2Btot to 
4Btot that is available for BPS and for QBPS. The final “SoS” set of bands is for all GNSS signals in a “System 
of systems” receiver 
 
3. CONCLUSIONS 
 
This non-refereed paper has simply reported at this conference work already published in [1]. 
That paper derived new sampling limits for quadrature bandpass sampling, and showed that 
this method of sampling can have reduced minimum required sampling rate and a larger range 
of available sampling rates than for bandpass sampling, when applied to multi-band GNSS 
receivers. 
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